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We investigated the early development of the sea anemone Nematostella vectensis, an emerging model system of the Cnidaria. Early cleavage
stages are characterized by substantial variability from embryo to embryo, yet invariably lead to the formation of a coeloblastula. The coeloblastula
undergoes a series of unusual broad invaginations–evaginations which can be blocked by cell cycle inhibitors suggesting a causal link of the
invagination cycles to the synchronized cell divisions. Blastula invagination cycles stop as cell divisions become asynchronous.Marking experiments
show a clear correspondence of the animal–vegetal axis of the egg to the oral-aboral axis of the embryo. The animal pole gives rise to the concave side
of the blastula and later to the blastopore of the gastrula, and hence the oral pole of the future polyp. Asymmetric distribution of granules in the
unfertilized egg suggest an animal–vegetal asymmetry in the egg in addition to the localized position of the pronucleus. To determine whether this
asymmetry reflects asymmetrically distributed determinants along the animal–vegetal axis, we carried out blastomere isolations and embryonic
divisions at various stages. Our data strongly indicate that normal primary polyps develop only if cellular material from the animal hemisphere is
included, whereas the vegetal hemisphere alone is incapable to differentiate an oral pole. Molecular marker analysis suggests that also the correct
patterning of the aboral pole depends on signals from the oral half. This suggests that in Nematostella embryos the animal hemisphere contains
organizing activity to form a normal polyp.
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As the evolutionary sister group to the Bilateria, the Cnidaria
are of crucial importance for the understanding of the
evolutionary transition between Diploblasts and Triploblasts.
For that reason, cnidarian embryonic development has attracted
interest of researchers since the end of the 19th century
(Metschnikoff, 1874; Brauer, 1891; Harm, 1903). Studies of the
embryonic development of representatives of Anthozoa,
Scyphozoa and Hydrozoa (Freeman, 1980, 1981a; Freeman
and Miller, 1982; Fukui, 1991; Martin et al., 1997; Kraus and⁎ Corresponding author. Fax: +47 555 84305.
E-mail address: ulrich.technau@sars.uib.no (U. Technau).
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doi:10.1016/j.ydbio.2007.07.029Cherdantsev, 2003; Hirose et al., 2000; reviewed in Tardent,
1978; Byrum and Martindale, 2004) revealed several character-
istics, which appear to be common in cnidarian development:
(1) the eggs of the cnidarians have a clear animal–vegetal
polarity, which is reflected by the position of the female
pronucleus, the placement of the polar bodies and in some cases
by the distribution of cytoplasmic components and symbionts;
(2) fertilization occurs after the second maturation division; (3)
the first cleavage furrow starts at the animal pole, which then
becomes the oral part of the developing planula larva; (4)
cnidarians demonstrate extreme variability in cleavage patterns
(between species and even within one species) and modes of
gastrulation. The experiments of Freeman on the determination
of polarity in eggs and embryos of hydroids have also shown
their high regulative capacities and ability to form normal
planulae out of bisected embryos (Freeman, 1981b). Strikingly,
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maintained the information about the original polarity of the
egg. The ability of Phialidium (Hydrozoa) blastula cells to form
viable planulae after dissociation and reaggregation was also
described (Freeman, 1981b). Interestingly, polarity of such an
aggregate could be induced by grafting a fragment of an intact
blastula to it (Freeman, 1990).
Based on molecular data, today's anthozoans have been
placed as descendants of the most basal class of cnidarians
(Bridge et al., 1995; Collins, 1998; Medina et al., 2001) and the
sister group to the Medusozoa, which unite Scyphozoa,
Cubozoa and Hydrozoa. This is supported by interpretations
of the fossil record (Chen et al., 2002; but critically reviewed in
Conway Morris, 2003, 2006). In the recent years, among the
Anthozoa, the starlet sea anemone Nematostella vectensis has
become increasingly important as a new model system, as its
embryology is experimentally accessible and a number of
techniques and genomic resources have been established (for
review see Darling et al., 2005). It can be easily reared in the
laboratory, has separate sexes, and spawning is readily
inducible (Hand and Uhlinger, 1992; Fritzenwanker and
Technau, 2002). The recently sequenced genome (http://
genome.jgi-psf.org/Nemve1/Nemve1.home.html) and large
EST collections make it an object of choice for molecular
studies of ancestral genome organization (Technau et al., 2005;
Chourrout et al., 2006; Putnam et al., 2007) and evolution of
the basic developmental mechanisms such as germ layer and
axes formation (Scholz and Technau, 2003; Wikramanayake et
al., 2003; Martindale et al., 2004; Fritzenwanker et al., 2004;
Kusserow et al., 2005; Martindale, 2005; Matus et al., 2006a,b;
Rentzsch et al., 2006). However, the morphological description
of embryonic development of N. vectensis remains incomplete.
So far, only gastrulation has been described on the cellular and
ultrastructural level (Kraus and Technau, 2006; Magie et al.,
2007). In this paper we focus on the earlier stages of embryonic
development.
We show that early stages of Nematostella development are
characterized by significant variability of cleavage patterns,
which, however, lead to an organized epithelial coeloblastula.
The blastula undergoes a series of broad invaginations and
evaginations, which are correlated with the phases of the cell
cycle. We further show that the site of the first cleavage furrow
correlates with invagination sites of the blastula as well as of the
gastrula, hence with the oral–aboral axis of the polyp.
Blastomere divisions at early cleavage stage and cutting of
gastrulae stage embryos clearly show that the animal (blas-
toporal) half contains full organizing activity to form a whole
polyp.
Materials and methods
Animal culture and induction of gametogenesis
N. vectensis adults and embryos were cultured in 1/3 seawater at 18 °C in the
dark (Hand and Uhlinger, 1992) and fed five times a week with Artemia brine
shrimp nauplii. Induction of gametogenesis was carried out as described before
(Fritzenwanker and Technau, 2002). Oocytes were fertilized in vitro allowing
nearly synchronized development.Time-lapse microscopy
Time-lapse imaging was carried out with the use of a Leica MZFL III
stereomicroscope. Pictures were recorded with a SPOT INSIGHT 14.2 camera.
Time-lapse movies were made with the use of ImageJ 1.37v.
Embryonic polarity tracing
Fluorescent dextran-Alexa Fluor 488 (MW 10,000; Invitrogen) was injected
into single blastomeres of the 8- to 16-cell stage embryos with the use of the Nikon
Eclipse TE-2000s injection microscope and Eppendorf Femtojet transjector. Glass
needles (tips of the injection capillaries) were inserted into the first cleavage
furrow or into individual cells at the 4- to 8-cell stage under microscopic control.
After the needles were introduced into the cells, the tips of the needles were cut off
with a scalpel leaving a glass stub in the embryos. Upon dextran-Alexa Fluor 488
injection or glass needle insertion, embryos were kept individually in 24-well
plates and monitored several times a day. Photographs were taken under a Leica
MZFL III stereomicroscope. Light and fluorescent images were overlayed in
Adobe Photoshop CS2. Original images are available upon request.
Histological techniques
For histology and electron microscopy, the embryos were fixed in 2.5%
glutaraldehyde/0.1 M cacodylate buffer (pH 7.2) at successive developmental
stages from the early cleavage and up to the late blastula. For TEM, embryos
were fixed overnight at +4 °C, and then processed immediately. Samples for
SEM were transferred into 1.25% glutaraldehyde/0.1 M cacodylate buffer
(pH 7.2) and stored at +4 °C until further processing. Embryos were then
washed in 0.1 M cacodylate buffer, and the surrounding mucous was removed
manually with fine needles. Embryos were postfixed in 1% osmium tetroxide in
the same buffer for 1 h. Samples for TEM were dehydrated through a graded
series of ethanol and acetone and then embedded into the Araldite embedding
medium (Fluka) or Agar Resin (Agar Scientific) and sectioned using routine
techniques by Leica ULTRACUT microtome. Semithin sections were stained in
1% solution of toluidine blue. Ultrathin sections were stained in water solutions
of uranyl acetate and lead citrate and examined by transmission electron
microscope JEOL JEM-1230. Samples for SEM were also dehydrated through a
graded series of ethanol and acetone and then dried using the critical-point
technique. Samples were sputter coated with gold and examined by microscopes
CamScan and JEOL JSM-7400F at an accelerating voltage of 10 kV. Some
embryos were sectioned into halves by a microsurgical scalpel during the 70%
ethanol step of dehydration. Electron microscopy was performed at the
Molecular Imaging Center (FUGE, Norwegian Research Council), University
of Bergen and the Electron Microscopy Laboratory of the Biological Faculty of
the Moscow State University. DNA and F-actin in fixed whole-mount embryos
were stained with Hoechst 33342 and Phalloidin-Alexa Fluor 488 (Invitrogen).
The embryos were fixed in 8% PFA/2xMEM diluted 1:1 with 1/3 seawater
overnight at 4 °C, washed 5×5 min with PBS-0.1% Triton-X100 and stained
with 0.6 u/100 μl Phalloidin-Alexa Fluor 488 (Invitrogen) in 1%BSA/PBS–
0.1% Triton-X100. Then the embryos were washed 3×5 min with PBT, stained
with 1 μg/ml Hoechst 33342 (Roche) for 20 min, washed 5×5 min in PBT and
mounted on a slide in PBS/Glycerol (1:9).
Inhibitor treatment
Minimal effective concentrations of Aphidicolin (2.5 μg/ml; AG Scientific),
Nocodazole (10 nM; Sigma) and Cytochalasin B (5 μM; Sigma) were determined
in dilution series. The effect of the inhibitors was assessed by the overall
morphology of the blastomeres following the addition of the drugs, nuclear
staining with Hoechst 33342 and, in case of Cytochalasin B, by phalloidin
staining. The drugs were added to embryos after first pulsations; the course of
development was recorded by time-lapse microscopy as described above.
In situ hybridization
Embryos were fixed for 1 h in cold 4% paraformaldehyde in PBS or 3.7%
formaldehyde in Nematostella medium and stored in methanol at −20 °C.
Fig. 1. SEM of early embryos. (A) Zygote. (B) A close-up of the surface of the zygote with characteristic bundles of microvilli. (C) Simultaneous formation of 4
blastomeres. Animal pole is marked with an asterisk, arrowheads point at cleavage furrows. (D) Vegetal pole view of an embryo cleaving in a same pattern as in panel
C. (E) Magnified view of one of the cleavage furrows (arrowhead) shown in panel C. (F, G) Different cleavage patterns during 4-cell embryo formation. The
blastomeres remain linked at the vegetal pole. (H) 8- to 16-cell stage. Note differences in blastomere sizes. (I) 16–32 Blastomeres. (J) 32-cell stage, epithelial blastula.
SEM of the embryo preparing for the next cellular division. Note the rounded shape of the apical surfaces of the cells. (K) SEM of the embryo as the cells are in the
interphase. (L) SEM of the embryo split into halves, bc—blastocoel. Scale bars: A, C, D, F, G, L—50 μm; B—3 μm; E—2 μm; H–K—30 μm.
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Digoxygenin-labeled riborobes were synthesized from full-length cDNA clones
with the use of Megascript Kit (Ambion).Results
Variability of the early cleavage
In anthozoans, gametes are formed between the two layers of
the mesenteries, which are endodermal folds reaching into the
gastric cavity of the adult polyp. Upon maturation, the eggs are
squeezed through the endodermal epithelium of the mesenteries
into the gastric cavity and are, in Nematostella, collectivelyFig. 2. Development of cellular junctions between 16-cell stage and blastula. (A–E) TEM
are not polarized. Scale bar is 2 µm. (B, C, E) Two areas rich in spot-like adhesions rese
adherens junctions are indicated with arrowheads. Filopodial contacts are marked with a
of the columnar cells in the spherical blastula. (F) Columnar cells. (G) Subapical contact
Scale bars are 10 μm (F) and 1 μm (G). (H–N) TEM and SEM of the rounded blastula c
of adherens junctions are marked with ovals, arrows point at filopodial contacts. (J) Co
lateral cell surfaces in the apical domain and baso-lateral domain (above and below the
junction in the apical region (arrowhead). (L) Filopodia in the lumen between the basal
SEM of the baso-lateral surface of the rounded cells. Multiple filopodia visible. (N) Cembedded in a jelly of unknown composition secreted by
endodermal cells (Hand and Uhlinger, 1992). The eggs of
N. vectensis are round, with a diameter of 230±40 μm. The
surface of the egg is covered with microvilli, which are
organized into conical bundles (Figs. 1A, B). Such organization
of microvilli is characteristic of the early development of many
anthozoans (Fautin and Mariscal, 1991). No fertilization
membrane is observed. Semithin sections of unfertilized eggs
show that the female pronucleus resides at one pole of the egg,
which we define as the animal pole (see below). Yet, we
unfortunately never observed polar bodies which could have
been used as external landmarks of the animal pole. We assume
that the polar bodies are probably shed off when the egg isof the contact zone of two neighboring blastomeres at the 16-cell stage. The cells
mbling adherens junctions are visible at both ends of contacting cell surfaces. Spot
rrows. Rectangular frames mark the areas shown on close-ups (B–E). (F, G) TEM
zone of the two columnar cells. Areas of adherens junctions are marked with ovals.
ells. (H) Rounded cells. (I) Subapical contact zone of the two rounded cells. Areas
ntact zone of the two rounded cells. Note the change in the distance between the
dotted line). Frames mark the areas shown on close-ups (K) and (L). (K) Adherens
parts of the contacting cells. Scale bars are 10 μm (H); 1 μm (I); and 2 μm (J). (M)
lose-up of the area framed in panel M. Scale bars are 10 μm (M) and 2 μm (N).
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gastric cavity. The first two cleavage furrows originate at the
animal pole (Figs. 1C, D; Fig. 6C); this is reflected by a
shortening of the microvilli in the area of the forming furrow
(Fig. 1E).
We observed a high degree of variability in the cleavage
pattern of Nematostella embryos. The 2-nuclei stage is nearly
indistinguishable from the egg itself, since no cytokinesis
occurs. Only occasionally a slight indentation of the cell
membrane on one side of the embryo is visible (see Fig. 3A). In
few cases this also holds true for the 4-cell stage embryos. The
first cytokinesis, that is always visible, gives rise to the 8-cell
stage. However, in cases when cytokinesis occurs already after
the second nuclear division, the resulting 4-cell embryo may
have different shapes. Four major cleavage patterns of the 4-cell
stage can be observed: (i) a radial pattern, with the cleavage
varying from superficial to nearly holoblastic (Supplementary
Fig. 1A, Figs. 1C, D); (ii) a “pyramid” pattern, with one of the
four cells situated on top of three others (Supplementary Fig.
1B), leading to a “pseudo-spiral” pattern at the 8-cell stage; (iii)
a pattern, intermediate between meroblastic and “pseudo-
spiral”, where two pairs of syncytially connected cells are
located one upon another with a 90° rotation. All four cells
remain interconnected in the middle (Fig. 1G, Supplementary
Fig. 1C); (iv) a rather rare pattern is a meroblastic cleavage
pattern (Supplementary Fig. 1D). However, many more variants
that can be viewed as intermediates between the four patterns
described above are possible.
Between the 2-cell and the 4-cell stage, as well as between
the 4-cell and the 8-cell stage, cells can fuse again and become
visibly indistinguishable from the zygote (Fig. 3; see also
movies in the Supplementary material). Only holoblastically
cleaving cells do not tend to fuse in between the cell divisions.
In most cases the blastomeres of the 4-cell stage embryo are not
completely isolated from one another, as fluorescent dextran-
Alexa Fluor 488 injected into a single blastomere travels into all
four cells (data not shown). However, from the 8-cell stage on,
the blastomeres become completely separated.
Course of development up to late blastula
Starting with the third cell cycle, the cleavage is holoblastic,
yet, the blastomeres are usually not equal in size, which again
varies from embryo to embryo (Figs. 1H, I). The blastomeres
take on roughly similar sizes upon the 16-cell stage and the
surface of the embryo shifts between rough (due to rounded
cells) and smooth, which reflects the rounds of mitotic divisions
(Figs. 1J, K). A blastocoel becomes first visible after the 16- to
32-cell stage (Fig. 1L). The cells of the 8- to 16-cell stage
embryo are not polarized and loosely attached to each other,
only meeting at the sites of spot-like adherens junctions
randomly distributed along the neighboring cells and contacting
by filopodia forming on the adjacent lateral cell surfaces of the
cells (Figs. 2A–E). Following the definition by Knust and
Bossinger (2002), who defined an epithelium as a sheet of
clearly polarized and aligned cells with elaborate cell–cell
junctions, the embryo epithelializes between the 16- and 32-cellstage (Figs. 1J–L). The process of epithelialization continues
with further development of the blastula (32- to 256-cell stage).
The lateral surfaces of the cells are brought into close proximity
to one another in their apical thirds, and adhesion contacts,
which morphologically can be identified as adherens junctions
become concentrated apically and form belts. Smaller spot-like
adhesion contacts and contacts by filopodia at more basal
positions also can be found at this stage (Figs. 2F–N).
Time-lapse microscopy movies of early embryonic develop-
ment show that starting from the 64-cell stage, Nematostella
embryos undergo a series of 4–5 invagination–evagination
cycles (Fig. 3), which are temporally linked to cell division (Fig.
3U and Supplementary Table 1). These cycles of invagination
take place between approximately 7 and 12 h of development.
Then the embryo remains spherical until the onset of gastrulation
at about 20 h post-fertilization (Supplementary Movie 1 and
Supplementary Movie 5). In the first step of a cycle, the embryo
is spherical, the apical surface of its cells is flattened (Figs. 2F, G,
and 3I, L, N, P, R) and lateral surfaces of the neighboring cells
are in close proximity to each other (Figs. 2F, 4G–I). In the
second step, the cells round up and appear only loosely
connected to one another (Figs. 2H–N, 4A–F). During this
process, the embryo starts to flatten by a broad invagination
(Fig. 3) until it reaches a conformation similar to the “prawn
chip” stage of another anthozoan, Acropora millepora (Ball
et al., 2002). Normally, the invagination occurs only on one side
of the embryo (Figs. 3, 4A); however, embryos having one or
two additional invaginations can also be observed occasionally
(Fig. 4B). As the process of invagination originating at a single
pole goes on, the embryo very often starts to flatten also from the
side opposing the first invagination site, adopting an erythro-
cyte-like shape by the time of maximal flattening. Cell divisions
always occur during the time of the maximum flattening of the
prawn chip (Figs. 5A–F, Supplementary Movie 1, Supplemen-
tary Table 1). After a while, the invaginated tissue starts to
evaginate until the blastula again reaches spherical shape
(Fig. 3). Invagination–evagination movements in blastulae
undergoing prawn chip formation cycles always occur at the
same sites of the embryo (Figs. 3J–S; Supplementary Movies 1,
5). As the invagination begins, the cells on the concave side
become round, while the cells on the convex side of the blastula
at first remain columnar (Figs. 4A–F). By the end of the
invagination movement, all the cells except for the ones at the
margins of the “prawn chip” have rounded up.
Prawn chip stage I (128-cell stage; cytokinesis 7) and prawn
chip stage V (cytokinesis 11) could only be observed in 70–
80% of all cases, whereas the prawn chip stages II to IV
(between cytokinesis 8–10) could always be observed (n=33
embryos analyzed in time-lapse movies). During prawn chip
stages I to IV, cell divisions occur roughly synchronously (Figs.
5A–F, Supplementary Movies). The overall synchrony is then
being lost during the next invagination–evagination cycle, and
only patches of synchronously dividing cells can still be
observed (Figs. 5G–I). After prawn chip stage V, the embryo
remains spherical until the onset of gastrulation at approxi-
mately 20 h post-fertilization (Fig. 3, Supplementary Movie 1).
We termed the period between the last invagination–
Fig. 3. Frames of a time-lapse movie featuring early Nematostella development. (A) 2-nuclei stage. Note the indentation of the membrane representing the incomplete
first cleavage furrow (arrowhead). (B) Intermediate stage between the first and second nuclear division. (C) 4-cell stage. (D) Intermediate stage between cytokinesis 2
and 3. (E) 8-cell stage. (F) 16-Cell stage. (G) 32-Cell stage. (H) 64-cell stage. (I) intermediate stage between cytokinesis 6 and 7. (J) Prawn chip stage I (cytokinesis 7).
(K) 128-cell stage. (L) 8th cell cycle. (M) Prawn chip stage II (cytokinesis 8). (N) 9th cell cycle. (O) Prawn chip stage III (cytokinesis 9). (P) 10th cell cycle. (Q) Prawn
chip stage IV (cytokinesis 10). (R) 11th cell cycle. (S) Prawn chip stage V (cytokinesis 11). (T) Pre-gastrula. (See movie in Supplementary material.) (U) Overview of
the early Nematostella development. Scale bar: hours post-fertilization.
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gastrula”. On average, one cycle lasts for about 1 h, of which
about 15–20 min are dedicated to invagination and evagination,
respectively. Cell division occurs during the 5 min of maximum
flattening. The embryo stays in a spherical state for about
25 min before the onset of the next invagination cycle.
Invagination–evagination cycles are linked to the cell cycle
We next wished to know whether the oscillating blastula
invaginations were actin or microtubule-driven, or simply anindirect result of concerted cell division. To study the role of
microtubuli and actin in the blastula invaginations, we treated
blastulae after the onset of invagination–evagination move-
ments with Nocodazole or Cytochalasin B. Nocodazole
interferes with microtubule polymerization and thereby pre-
vents spindle formation during cell division, whereas Cytocha-
lasin B binds to actin filaments, disturbs their polymerization
dynamics and causes filament breaks. Treatment with Noco-
dazole resulted in a stop in invagination–evagination move-
ments. The blastomeres rounded up and the embryos remained
maximally flattened (Supplementary Movie 2). Similarly,
Fig. 4. SEMof the oscillating blastulae. (A) Blastula with a single invagination. (B) Blastula with three invaginations (arrows). (C) SEMof the invaginating blastula split
into two halves. The cells on the invaginating surface (frameD) are rounded,while the cells on the opposite side (frame E) are still columnar. (D, E) Close-ups of the areas
marked in panel C. (F) The surface of the flat blastula. Note the characteristic rounded apical cell surfaces typical for dividing cells. (G) Spherical blastula. (H) The apical
surfaces of the cells of the spherical blastula are flattened. (I) Spherical blastula split into halves. The cells are columnar, their apical surfaces are flat, ECM—
extracellular matrix in the blastocoel. Scale bars are 30 μm (A–C); 10 μm (D–F); 30 μm (G); 10 μm (H); and 50 μm (I).
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division but were unable to proceed further in the invagination
cycle (Supplementary Movie 3). This suggests that the
invagination–evagination movements might involve actin and
microtubule polymerization dynamics. However, both cytos-
keletal components are also crucial for cell division. In order to
test, whether the invagination–evagination movements occur in
the absence of cell division we blocked DNA polymerase by
Aphidicolin, which leads to an arrest of the cell cycle during S-
phase. Aphidicolin treatment also efficiently blocked the
invagination–evagination cycles, however, in contrast to
Cytochalasin-B- and Nocodazole-treated embryos, Aphidicolin
led to an arrest in the spherical state (Supplementary Movie 4).
This suggests that cell division is essential for the blastula
invagination cycles to occur. Interestingly, first invagination
cycles begin with the first appearance of a blastocoel and
invaginations stop, when cell divisions become asynchronous
after cytokinesis 12 (Fig. 5).Polarity of the egg and the blastomeres
We were unable to observe polar bodies on N. vectensis
eggs. Rarely, cytoplasmic protrusions could be seen at the site of
the first cleavage furrows, but they never contained nuclear
material (data not shown). Hence, polar bodies could not be
used as markers for the animal–vegetal axis in Nematostella.
However, unfertilized eggs of Nematostella are highly polarized
(Fig. 6). Analysis of the semithin sections of the unfertilized
eggs demonstrated that the female pronucleus is located in close
proximity to the cell membrane, defining the animal pole
(Figs. 6A–C). The cytoplasm is also highly polarized, with
small basophilic vesicles concentrated mostly around the animal
pole and yolk plates concentrated at the vegetal pole. The
cortical layer of the cytoplasm is characterized by the presence
of small basophilic, electron-dense granules, which are not
released until planula formation. It is possible that the contents
of these granules are used to digest the jelly of the egg packages,
Fig. 5. The synchrony of divisions is lost in late blastulae. (A–C) Invaginating blastula at 11 h post-fertilization. All cells are either in metaphase or anaphase.
Arrowhead points at the invaginating pole. White frames in panels B, E and H mark the areas shown in panels C, F and I. (D–F) Spherical blastula at 11 h post-
fertilization. All cells are in the interphase. (G–I) Spherical blastula (pre-gastrula) at 13 h post-fertilization. Division synchrony is lost. Arrowheads point at patches of
mitotic figures among the interphase nuclei.
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expected, the first two cleavage furrows start at the animal pole
(Figs. 1C and 6C).
The blastomere morphology in 8- and 16-cell embryos is
characterized by a lack of obvious polarity. The nuclei of the
blastomeres are located in the center of the cells, the basophilic
vesicles are surrounding the nuclei, the yolk plates are
positioned in the subcortical region of the cells (Figs. 6D–F)
and the spot-like adherens junctions are distributed in a similar
pattern at both ends of the non-polarized contacting surfaces of
the cells (see also Figs. 2A–E). When the blastomeres start to
epithelialize only apically located adherens junctions can be
observed (see also Figs. 2J–L). The cytoplasmic components
within each blastomere also become redistributed differentially.
The nuclei are located at the apical surfaces of the cells, while
the yolk granules are concentrated in the basal parts. The smallbasophilic, electron-dense granules are located cortically under
the apical membrane of the blastula cells (Figs. 6G–I).
Correspondence of the egg and gastrula polarity
To determine whether an intrinsic polarity exists, which
would be maintained throughout embryogenesis, we performed
marking experiments by introducing fine glass needles at
specific positions of the embryo. We followed the development
of such embryos until mid-gastrulation and observed that these
embryos develop normally and without delay. We found that
needles inserted into the animal pole (indicated by the
incomplete first cleavage furrow or where the first two cleavage
furrows cross) strictly correlated with the site of blastopore
formation (13/13 embryos; Figs. 7A, B). Needles introduced
into the vegetal half of the 4-cell stage embryos or into the
Fig. 6. Polarity of the N. vectensis eggs and early embryos. (A) Histological section of the unfertilized egg. The section is made along the animal–vegetal axis of the
egg. Animal pole is pointing to the top. (N) indicates the nucleus. Subcortical basophilic granules and differential distribution of cytoplasmic components are visible.
Dotted line indicates the border of the area containing yolk plates. (B) A sketch of the unfertilized egg cell. Note the peripheral location of the nucleus (N), small
subcortical granules and graded distribution of cytoplasmic components. (C) Oblique section of the zygote undergoing the first cleavage. One of the two newly formed
nuclei is visible (N). Note that the cleavage furrow (arrowhead) originates at the animal pole. (D) Histological section of the 16-cell embryo. No blastocoel yet visible.
(E) A close-up of the blastomere marked with an arrow in panel D. N—nucleus. Note the central location of the nucleus and concentric distribution of the blue
basophilic vesicles and light color yolk plates around the nucleus within each blastomere. (F) A sketch of the 16-cell embryo. (G) Histological section of an early
blastula (64-cell stage). The cell marked with an arrow is shown on a close-up in panel H. The morphological apico-basal axis of the cell is readily visible. Note the
apical position of the nucleus (N), the small subcortical basophilic granules seen also as electron-dense granules in Fig. 2 and the apico-basal gradient of the yolk
distribution in the cytoplasm. (I) A sketch of the early blastula.
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equatorial side of the gastrula, respectively (24/24 embryos;
Figs. 7C–F).
In order to test whether one of the sides of the prawn chip
correlated with the future oral–aboral axis, we injected
fluorescent dextran into single or multiple blastomeres of the
8- to 16-cell stage embryos and followed their development
until gastrulation (Figs. 7G–J). In 89% of the injected embryos
(34/38) the position of the marked cells in the prawn chip
suggested a correlation of the single concave side of the prawn
chip to the location of the blastopore in the gastrulae. In 11% of
the injected embryos (4/38), the staining was first observed in
the invaginated side of the prawn chip blastula, but in thegastrula it was seen on the side opposite to the blastopore. This
may, however, be a result of misinterpreting the sides of the
prawn chip blastula if it has an erythrocyte-like shape (see
above). Interestingly, the fluorescent cells always remained in a
contiguous patch during the monitored period of development.
This shows that there is little cell mixing and migration
occurring between the blastula and the gastrula stage. Based on
the results obtained, we conclude that an intrinsic polarity
exists in N. vectensis eggs and embryos. The animal–vegetal
axis of the egg corresponds to the oral–aboral axis of the
gastrula and planula, and the concave side of the prawn chip
invagination area is located in the region of the future
blastopore.
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We next wished to determine whether the animal and vegetal
parts of the embryo have the full developmental capacity to
form a normal polyp and regulate major disturbances or whether
one part has organizing activity to instruct the other part. To thisend, we bisected the embryos at different time points and further
observed their development. Of 40 cases where 4-cell stage
embryos were cut into 4 individual blastomeres, all four
blastomeres survived in 12 cases. In all of those 12 cases all four
blastomeres had developed by day 7 post-fertilization either into
metamorphosing planulae or primary polyps (Figs. 8A–E,
Supplementary Table 2). This shows that all individual
blastomeres of the 4-cell stage have the capacity to form a
full polyp. This suggests also that no determinants have been
irreversibly distributed asymmetrically perpendicular to the
animal–vegetal axis. The next division giving rise to the 8-cell
stage is the first one to separate the animal from the vegetal half.
Unfortunately, no external landmark exists at this stage to tell
the animal half from the vegetal half. However, only one out of
three division planes separates the animal from the vegetal half
and hence, if cut randomly, one would expect a separation into
an animal and a vegetal half in one third of the cases (Fig. 8F).
Therefore, cutting an 8-cell stage embryo into two halves should
result into differentiation of two polyps in 100% of the
bisections if no segregation of organizing determinants had
occurred with respect to the animal–vegetal axis. Instead, if
organizing determinants are asymmetrically distributed along
the animal–vegetal axis, one third of the bisections should result
in one polyp only. We found that when 8-cell stage embryos
were bisected into two 4-cell halves, both halves developed into
two primary polyps in 73.5% (78/106) (Figs. 8J, K). However,
in the remaining 26.5% (28/106) one half developed into a
primary polyp while the other failed to gastrulate, developed
into a round ciliated ball and stayed like that (Figs. 8G–I). The
difference between the experimental value (26,5%) and the
expected value (33,3%) for an animal–vegetal asymmetry is
statistically not significant (χ2 test; pN0.1, n=106). This
suggests that the organizing determinants are asymmetrically
distributed along the animal–vegetal axis as early as the 8-cell
stage or earlier. In order to determine, which half contains the
organizing activity, we cut early gastrulae into halves, either
parallel to the animal–vegetal axis or perpendicular to it (Figs.
8L, O). Bisection of a gastrula along the animal–vegetal (i.e.,
oral–aboral) axis yielded two identical primary polyps (38/45
cases, 7 cases of aberrant development) (Figs. 8L–N), whileFig. 7. Relationship between the animal–vegetal and oral–aboral axis of Ne-
matosella is shown in marking experiments. (A) Glass needle introduced
immediately next to the first cleavage furrow. (B) Same embryo at 22 h post-
fertilization. The needle protrudes from the blastopore. (C) Glass needle inserted
into the lateral side of one of the four blastomeres at the 4-cell stage. (D) Same
embryo at 22 h post-fertilization. The needle is located in the side of the gastrula.
(E) Glass needle introduced into the vegetal pole of the 4-cell embryo
undergoing meroblastic cleavage. (F) Same embryo at 22 h post-fertilization.
Location of the needle is opposite to the location of the blastopore. (G–J) Live
embryos injected with fluorescent Dextran-Alexa Fluor 488 at the 8-cell stage.
(G) Injection into a single blastomere at the 8-cell stage. A patch of labeled cells
is observed on the side opposing the invagination in a prawn chip blastula
(vegetal side). (H) Same embryo at late gastrula stage. Labeled cells are located
on the pole opposing the blastopore (asterisk). (I) Injection into 4 cells of the
radially cleaving 8-cell stage embryo (each injected cell has two injected
immediate neighbor cells). Prawn chip blastula; view of the invaginating–
evaginating side (animal side). Half of the blastula is labeled. (J) Same embryo
during early gastrulation. Half of the gastrula is labeled. The blastopore is
marked with an asterisk.
Fig. 8. Results of embryo bisection at different developmental stages. (A) A sketch of possible cutting planes in a radially cleaving 4-cell embryo. (B–E) Four primary
polyps developing from each of the separated blastomeres of the 4-cell stage embryo. (F) A sketch of possible cutting planes in a radially cleaving 8-cell embryo. (G) A
primary polyp and ciliated cellular balls without (H) and with (I) apical tufts. A polyp and a ball in panels G and H developed from one bisected 8-cell stage embryo.
(J–K) Two polyps that developed from one bisected 8-cell stage embryo. (L) A sketch of the longitudinally cut gastrula. (M, N) Two primary polyps that developed
from two halves of a gastrula bisected as shown in panel L. (O) A sketch of the cross-cut gastrula. (P) A primary polyp and a ciliated ball without an apical tuft (Q) that
developed from oral and aboral halves of a gastrula bisected as shown in panel O. (R) A ciliated ball with an apical tuft; the ball has developed from the aboral/vegetal
half of a bisected gastrula. (S) Reference primary polyp. All scale bars: 100 μm.
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caused the half containing the blastopore to develop into a
normal primary polyp (23/28 cases, see Supplementary Table
2), and the aboral half—into a ciliated ball, like the one in case
of the 8-cell stage embryo (28/28 cases) (Figs. 8O–R). These
results show that animal pole contains organizing activity
necessary for the determination of the blastopore and for further
development into normal polyps. Animal halves of the 8-cell
stage embryos developing into polyps as well as oral halves of
the gastrulae could obviously regulate the absence of the vegetal
half, since we could observe the formation of the apical tuft, the
most vegetal/aboral structure, in every case. Normal localiza-
tion of the transcripts of the oral, central and aboral marker
genes (NvFoxA, NvWnt2, NvFGF1A) in the oral halves of the
bisected gastrulae 2 days following the cutting (Figs. 9A, C, E)Fig. 9. In situ hybridization of the bisected gastrula halves. The embryos were cut at 2
bisected gastrulae hybridized with NvFoxA, NvWnt2 and NvFGF1A. (B, D, F) Aborasupports this view (see Fritzenwanker et al., 2004; Kusserow et
al., 2005; Matus et al., 2007). By contrast, the vegetal (aboral)
half could not compensate for the loss of the organizing
determinants present in the animal half. When vegetal “balls”
were examined closer, we found an apical tuft in 5 out of 9 and
13 out of 19 ciliated balls resulting from the vegetal hemisphere
of the 8-cell stage and gastrulae, respectively (Figs. 8H, I, Q, R).
This suggests that in the majority of the cases the vegetal halves
were able to differentiate into the appropriate aboral structure,
the apical organ, in the absence of the animal half. Interestingly,
some of the vegetal “balls” had apical tuft cilia all over their
surface (Fig. 8Q), while in others ciliary tufts were localized to
one side (Fig. 8R) or even on two sides. This suggests that
proper signals, presumably from the oral half are required to
correctly position the apical tuft at the aboral pole.4 h post-fertilization and fixed at 72 h post-fertilization. (A, C, E) Oral halves of
l halves of bisected gastrulae hybridized with NvFoxA, NvWnt2 and NvFGF1A.
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showed that the presence of endoderm in the aboral halves of
the gastrulae did not rescue the ball-like phenotype, and only
the oral halves were able to form primary polyps (Supplemen-
tary Table 2). This is in accordance with our finding that the
organizing activity to induce a secondary body axis upon
transplantation becomes restricted to the blastopore lip (Kraus
et al., in press). In situ hybridization with NvFoxA, NvWnt2
and NvFGF1A probes showed that the domains of expression
of those genes were not maintained in the aboral halves of the
bisected gastrulae. Hybridization with an “oral” NvFoxA probe
did not show specific signal in 67/73 aboral gastrula halves
after 2 days following the cutting (Fig. 9B). Lack of signal was
also observed in 30/31 aboral gastrula halves hybridized with
the “central” NvWnt2 probe (Fig. 9D). A more complex picture
was obtained with the aboral marker NvFGF1A. In 8/37 aboral
regenerates, a single localized patch of NvFGF1A expression
could be observed, in 4/37 the expression was confined to
single cells occupying a larger area on one side of the “ball”, in
5/37 aboral regenerates the gene was expressed in single cells
evenly distributed throughout the surface of the “ball” and in
20/37 the transcript was undetectable (Fig. 9F). These variable
NvFGF1A expression patterns in the vegetal “balls” correlate
with their varied capacity to form apical tufts.
Discussion
Variability of early development and invariability of
developmental fate
In this study, we have examined the early embryonic
development of N. vectensis by means of time-lapse micro-
scopy, marking and blastomere isolation experiments, histolo-
gical techniques and electron microscopy. One striking feature
is the high degree of variability we observed at many time
points during early development of Nematostella, which,
eventually leads to the morphologically conserved postgastrula,
planula and polyp. Despite the highly variable cleavage pattern,
cell division remains largely synchronous until the pregastrula
stage. However, extensive variations of cleavage patterns, even
within the same species, are not uncommon among Cnidaria
(for review, see Tardent, 1978; Kraus and Cherdantsev, 2003;
Rodimov, 2005). Our results indicate that Nematostella
embryos cleave in a variety of ways, but always reach a
coeloblastula stage by 32–64 cells. By then, the polarized cells
are held together in a layer by asymmetrically distributed
adhesion contacts. It remains to be confirmed by molecular
markers, what kind of cell junctions are present in the blastula.
With the emergence of a blastocoel, blastulae start to undergo a
series of 4–5 cycling invagination–evagination movements,
which are strongly correlated with the cell cycle. In fact,
inhibition of the replication by Aphidicolin showed that no
invaginations occur in the absence of cell division. Mitotic
divisions occur in flattened blastulae, while the spherical
blastulae contain mostly interphase nuclei. The end of the
invagination–evagination movements correlates to the desyn-
chronization of cell division. Approximately 4 h after the last(fifth) cycle of invagination (17 h post-fertilization), the
embryos start to rotate, indicating the formation of ciliae, and
another 3 h later (20 h post-fertilization), gastrulation starts.
Tissue movements before the onset of gastrulation are not
unique for Nematostella. In some echinoderms, for example in
the ovoviviparous sea star Asterina pseudoexigua pacifica, the
so-called wrinkled blastula is formed from a normal coelo-
blastula (Komatsu et al., 1990). Interestingly, blastulae of the
sea urchin Heliocidaris erythrogramma, which developed from
zygotes that were surgically freed from the fertilization
envelopes right after fertilization, still formed wrinkles,
although they were not as pronounced as in control embryos
(Henry et al., 1991). This shows that wrinkle formation in such
blastulae is not solely a result of physical constraints in a
confined space of the fertilization envelope. The most striking
example of early tissue movements might be the inversion of the
stomoblastulae of the calcareous sponges of the sub-class
Calcaronea during amphiblastula formation. In this case, the
blastulae evert through an opening in the blastoderm so that the
ciliae, which in stomoblastula were facing inside, start facing
outside (for review see Leys and Ereskovsky, 2006). However,
to our knowledge, such cyclic oscillating events being under-
gone by a whole embryo as we observed in Nematostella, have
not been described in a marine species before. Two examples of
periodic oscillations, however, come from freshwater organ-
isms. The blastocoel of pulmonate gastropods is thought to form
very early in development, and be periodically filled up with
liquid and emptied again (reviewed by Ivanova-Kazas, 1977).
This process is believed to be connected with osmoregulation.
Pulsations during regeneration of the fragments of body wall
and cell aggregates were also reported in the freshwater polyp
Hydra (Fütterer et al., 2003, Soriano et al., 2006). In these
studies the authors showed that Hydra cell aggregates and
regenerates form a hollow sphere, which starts to pulse.
However, in this case the pulsations are not correlated with
the cell cycle and therefore probably caused by different forces.
In the case of Nematostella, it is not clear what causes these
cycles of invaginations. However, they are clearly not random,
as they always occur at the same time during development, and
the concave side of the prawn chip originates from the animal
region of the zygote and corresponds to the blastopore area,
hence eventually the oral end of the polyp.
Polarity of the embryo
Nematostella eggs possess a clear animal–vegetal (A–V)
polarity. The female pronucleus is located at the periphery of the
egg, and cytoplasmic components are characteristically dis-
tributed along the A–V axis. We did not observe polar bodies.
This is not surprising, as cnidarian eggs are known to get
fertilized only after the second maturation division, and the polar
bodies are easily shed off from the eggs (Tardent, 1978;
Freeman, 1987). After the 8-cell stage, cleaving embryos lack
obvious morphological polarity. The nuclei are located centrally
in the cells, and the cytoplasmic components are stratified
around them. However, β-catenin-GFP protein is specifically
degraded in the future aboral half of the 16- to 64-cell stage
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of an intrinsic polarity. In our marking experiments, we
demonstrated that the animal–vegetal polarity of the egg
corresponds to the concave side of the invaginating blastula as
well as to the future site of gastrulation. Since the blastopore will
give rise to the future head of the polyp, we conclude that there
is a direct relationship between the animal pole of the egg and
the oral pole of the polyp. This is in line with findings from
several hydrozoans (Freeman, 1980, 1981a,b; Momose and
Schmid, 2006; Momose and Houliston, 2007), suggesting that
a link of the animal pole to the site of gastrulation is a
conserved trait within the Cnidaria. Interestingly, gene expres-
sion studies suggest that the molecular control of gastrulation
is highly conserved between Cnidaria and Bilateria (Scholz
and Technau, 2003; Wikramanayake et al., 2003; Martindale et
al., 2004; Fritzenwanker et al., 2004; reviewed in Byrum and
Martindale, 2004). Yet, in Bilateria with ancestral modes of
gastrulation the blastopore usually forms at the vegetal pole
(e.g., sea urchins, ascidians, Branchiostoma, annelids and
molluscs). This poses the intriguing question of a possible
embryonic polarity reversal around the animal–vegetal axis in
triploblasts compared to diploblasts. In vertebrates, the site of
gastrulation is determined by differential distribution of
cytoplasmic determinants, which specify the position of the
blastopore. As it can be observed in yolk-rich embryos of fish,
reptiles and birds and even in less yolk-rich embryos of
amphibians, the blastopore can be shifted from the vegetal pole
towards the animal pole (for review, see Arendt and Nübler-
Jung, 1999). Therefore, it is likely that it is only the correct
combination of the cytoplasmic factors in a certain area of the
embryo and not their placement in a specific position along the
animal–vegetal axis of the egg that defines the location of the
blastopore. Whether in Cnidarians the determinants of the
animal pole are somehow physically linked to the cytoplasmic
environment of the pronucleus remains to be shown.
In sea urchins, ascidians and frogs, nuclear localization of β-
catenin and activation of the canonical Wnt pathway appears to
be the earliest known signal that marks the future site of
gastrulation (Schneider et al., 1996; Logan et al., 1999; Imai et
al., 2000). This was also shown to be the case in the anthozoan
Nematostella (Wikramanayake et al., 2003) and the hydrozoan
Clytia (Momose and Houliston, 2007). Little information is
available about what causes the nuclear translocation of β-
Catenin at the animal pole in a cnidarian. The most relevant
piece of evidence was obtained in Clytia (=Phialidium) hemi-
sphaerica, where it was demonstrated that maternal mRNAs of
the two frizzled receptors, CheFz1 and CheFz3, are oppositely
localized in the egg and possess opposing functions during
development. CheFz1 promotes localized β-Catenin transloca-
tion into the nucleus and endoderm ingression at the animal pole
of the embryo and CheFz3 inhibits these two processes
(Momose and Houliston, 2007). No clear explanation of the
mechanisms underlying the “polarity reversal” in Bilateria in
comparison to Cnidaria can be given at this point. It would be
interesting, however, to determine the distribution of nuclear
β-Catenin in those cnidarian species that gastrulate by multi-
polar immigration or delamination and to compare thecorrespondence of the animal pole of the egg to the future
oral pole. Since the site of gastrulation also marks the future oral
end of the body axis, it is difficult to distinguish between the
roles of Wnt signaling in gastrulation and axis formation. In
fact, expression studies in a number of cnidarians strongly
suggest a significant role for canonical Wnt signaling in the
establishment of the primary body axis (e.g. Kusserow et al.,
2005; Plickert et al., 2006; reviewed in Lee et al., 2006; Guder
et al., 2006).
Some cnidarians are known to have highly regulative
development. In his elegant experiments with a hydroid Phia-
lidium gregarium, Freeman (1981b) has shown that both animal
and vegetal halves of the early embryos (from cleavage until
early gastrula) give rise to normal planulae. However, in
accordance with the experiments of Momose and Schmid
(2006), our blastomere isolation and gastrula bisection experi-
ments in Nematostella showed that normal planulae and
primary polyps can only develop if cells of the animal pole
are included. Moreover, variable expression of the aboral
marker gene NvFGF1A as well as differences in capacity to
form apical tuft in the aboral halves of the bisected gastrulae
also imply the necessity of the signals coming from the oral half
in order to pattern the aboral half correctly. These data suggest
that the organizing activity resides in the animal (oral) half of
the Nematostella embryo, possibly already in the unfertilized
egg, and then maintained in the blastoporal region. Together
with the data from the jellyfish Podocoryne carnea (Momose
and Schmid, 2006), our results pinpoint to the crucial role of
differentially distributed cytoplasmic determinants, likely to be
components of the canonical Wnt signaling cascade, for
cnidarian development.
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